The impacts of membrane degradation due to chlorine attack on the rejection of inorganic salts and trace organic contaminants by nanofiltration (NF) and reverse osmosis (RO) membranes were investigated in this study. The rejection of trace contaminants was examined at environmentally relevant concentrations. Changes in the membrane surface morphology were observed as a result of chlorine exposure. A small increase in rejection was consistently observed with all four membranes selected in this study after being exposed to a low concentration of hypochlorite (100 ppm). In contrast, a higher concentration of hypochlorite (i.e., 2000 ppm) could be detrimental to the membrane separation capacity. Membranes with severe chlorine impact showed a considerable decrease in rejection over filtration time, possibly due to rearrangement of the polyamide chains under the influence of chlorine degradation and filtration pressure. The reported results indicate that loose NF membranes are more sensitive to chlorine exposure than RO membranes. The impact of hypochlorite exposure (both positive and negative) on rejection is dependent on the strength of the hypochlorite solution and is more significant for the neutral carbamazepine compound than the negatively charged sulfamethoxazole. 
Introduction
Potable water scarcity presents a major challenge to water authorities in many regions in the world particularly in the context of on-going climate change and continuing population growth (Shannon et al., 2008) . A strategic approach to address this issue is the augmentation of the natural water supply with reclaimed water from treated effluent using advanced water treatment technologies including high-pressure membrane processes such as reverse osmosis (RO) and nanofiltration (NF) (Fujioka et al., 2012; Wintgens et al., 2005) . Most commercially available NF and RO membranes for water treatment are polyamide thin-film composite (TFC) and consist of a thin polyamide active skin layer that is responsible for solute separation on top of a porous supporting layer (Chang et al., 2010) . Polyamide membranes offer excellent permeate flux, high salt and trace organic rejection, durability and a wide operating pH range, however, they are susceptible to chlorine degradation. This particular drawback of polyamide membranes has an important implication when water recycling applications are involved (Van der Bruggen et al., 2008) . Due to a moderate organic content and the high biofouling potential of secondary treated effluent, chlorine (typically in the form of hypochlorite solution) or monochloramine residuals are used to suppress biological growth in the feed water. Although the feed water is usually dechlorinated prior to NF/RO filtration, membrane exposure to low concentrations of chlorine is an inevitable outcome (Glater et al., 1994; Soice et al., 2004) . In fact, it is not uncommon for full-scale NF and RO installations to use feed water with up to 6 mg L -1 of total chlorine in the form of chloramines (Bartels et al., 2005; Wilf and Alt, 2000) despite the recommended free chlorine tolerance of less than 0.1 mg L -1 by most membrane manufacturers. Due to chlorine exposure, certain structural changes within the polyamide skin layer occur and can ultimately lead to a compromised membrane performance as often described by an enhanced salt passage (Glater et al., 1994; Kang et al., 2007b; . Chlorine attack may lead to conformational rearrangement in the polyamide matrix or even cleavage of the polyamide linkage (Glater et al., 1994; Soice et al., 2004; Soice et al., 2003) . While chlorine attack has been recognized as an important issue for polyamide membranes for many years, the exact chemical mechanism of chlorine-polymer interaction and its subsequent impact on solute separation is not yet fully understood (Glater et al., 1994; Soice et al., 2003) . More importantly, studies available to date have focused almost exclusively on the passage of inorganic salts as a direct consequence of membrane degradation due to chlorine attack (da Silva et al., 2006; Kang et al., 2007b; . The effects chlorine attack on the rejection of trace organic chemicals remain poorly understood (Urase and Sato, 2007) .
The removal mechanisms of trace contaminants are quite complex and can be governed by many factors such as membrane characteristics, physicochemical properties of the solutes, and solution chemistry. Separation behaviours of some trace organic contaminants can be quite different from those of inorganic salts (Bellona and Drewes, 2005; Bellona et al., 2004; López-Muñoz et al., 2009; Nghiem et al., 2006; Nghiem et al., 2004; Van der Bruggen et al., 2006) . By altering the membrane surface characteristics, membrane fouling can exert a considerable impact on the removal of trace organic contaminants by NF/RO membranes (Agenson and Urase, 2007; Nghiem and Coleman, 2008; Nghiem et al., 2008a; Nghiem et al., 2008b; Verliefde et al., 2009; Xu et al., 2006) . Similarly, it is likely that changes in the membrane characteristics due to prolonged exposure to low concentration of chlorine or accidental exposure to an elevated concentration of chlorine can significantly alter the separation process of trace contaminants by NF and RO membranes.
The aim of this study was to elucidate the effects of hypochlorite exposure on membrane surface
properties and the subsequent rejection of selected trace contaminants by commercially available NF and RO membranes. Changes in the membrane surface properties were systematically characterized using scanning-electron microscopy -energy dispersive spectrometry (SEM-EDS), contact angle measurement, Fourier transform infrared spectroscopy (FTIR) and atomic force microscopy analysis (AFM). The effects of membrane degradation on the separation process were elucidated by comparing the membrane rejection of inorganic salts and trace contaminants by virgin and hypochlorite treated membranes. Furthermore, changes in the rejection of salt and trace contaminants were related to the modifications in the membrane properties.
Materials and methods

Selected membranes
Two nanofiltration (NF270 and NF90) and two reverse osmosis (ESPA2 and BW30) membranes were used in this study. These are commercially available and have been widely used in water recycling and potable water treatment applications, particularly to reduce salinity and for the removal of trace organic contaminants. The NF270, NF90 and BW30 were supplied by Dow Chemical (Minneapolis, MN) and were stored dry. The ESPA2 membrane was supplied by Hydranautics (Oceanside, CA) and was stored wet in Milli-Q water at 4 °C.
Sodium hypochlorite exposure
The sodium hypochlorite (NaOCl) used in this study was of commercial grade with an active content of 4.2% (wt/wt). Membrane exposure to NaOCl was simulated by immersing the membrane samples in a sealed bath of NaOCl over 18 hours at pH 7 and room temperature (20 ºC). Three concentrations of NaOCl (100, 500 and 2,000 mg L -1 ) were used to induce an accelerated chlorine exposure effect. These concentrations were denoted as D100, D500, and D2000, respectively. The pH of each chlorine solution was adjusted with analytical grade HCl.
After exposure, the membranes were rinsed gently with Milli-Q water and stored wet in a closed container at 4 °C. Prior to any filtration and surface integrity test, the virgin membrane samples were rinsed gently with Milli-Q water to remove any protection layer.
Membrane characterisation
Contact angle measurement
Contact angle measurement of the virgin and hypochlorite exposed membranes was performed with a Rame-Hart Goniometer (Model 250, Rame-Hart, Netcong, NJ) using the standard sessile drop method. Milli-Q water was used as the reference solvent. The membranes were air dried prior to the measurement. At least 5 droplets were applied onto duplicate membrane samples and contact angle was measured on both sides of the droplet.
Membrane chemistry
Fourier transform infrared spectroscopy (FTIR) measurement was performed with an IRAffinity-1 instrument (Shimadzu, Kyoto, Japan) equipped with a diamond crystal. The air-dried membrane samples were pressed firmly against the crystal and the measured spectrum was between 750 cm
1
and 1750 cm 1 . Each scan was performed 20 times at a resolution of 1 cm 1 .
Atomic force microscopy
Surface morphology of the air dried membrane was analysed using a multimode atomic force microscope (AFM 3100, Digital Instruments, Santa Barbara, CA) in air in tapping mode operation using an oxide sharpened SiN probe. The membrane surface roughness was measured in replicate over an area of 1 µm x 1 µm. In this study, root mean square of the membrane topographic features within the measured area of 1 µm x 1 µm was defined as surface roughness.
Scanning electron microscopy with energy dispersive spectrometry
Scanning-electron microscopy (SEM) analysis was conducted using a JSM-6490LA (JOEL Japan) system, which was equipped with an integrated energy dispersive spectrometer (EDS). EDS analysis of all membrane samples was taken at 3,000 times magnification, apply voltage of 15 kV, spot size of 65 nm for 60 seconds.
Filtration setup and protocol
A laboratory-scale cross-flow NF/RO filtration rig was used in this study. This NF/RO filtration rig has been described in details elsewhere (Simon et al., 2013) . Briefly, this set-up consisted of a stainless steel plate-and-frame membrane cell with an effective surface area of 40 cm 2 (4 cm x 10 cm), a stainless steel feed reservoir, and a high-pressure pump (Hydra-cell, Wanner Engineering
Inc. Minneapolis, MN, USA). The concentrate and permeate flow rate was monitored by a rotameter (MPB Industries, Tonbridge, Kent, UK) and a digital flowmeter (GJC Instruments Ltd., UK), which was connected to a personal computer. Feed pressure and cross-flow velocity were controlled by means of a by-pass valve and a back-pressure regulator.
In preparation for each experiment, the membrane was stabilized at 18 bar using Milli-Q water until the permeate flux attained a constant value. The Milli-Q water used for stabilizing was exchanged with 10 litres of an electrolyte solution containing 1 mM CaCl 2 , 20 mM NaCl and 1 mM NaHCO 3 at pH 8. The feed reservoir temperature was kept at 200.1 °C by a PID control refrigerator (Neslab RTE7, Thermo Fisher Scientific, Canada) throughout the experiment. After membrane compaction, sulfamethoxazole and carbamazepine were spiked into the feed reservoir to a concentration of 750 ng/L each. Unless otherwise stated, both the concentrate and permeate were recycled back to the feed reservoir. Feed and permeate samples of 500 mL each were collected after 25 hours since the spiking of the trace organic contaminants. The samples were extracted immediately using Oasis HLB solid-phase extraction (SPE) cartridges (Waters Corporation, Millford, MA). The SPE cartridges were completely dried by ultra pure nitrogen gas and were stored in a freezer at -18 ºC.
Trace organic contaminant analysis
Sulfamethoxazole and carbamazepine were selected for investigation to simulate a negatively charged and a neutral trace organic compound, respectively. They have been frequently detected in secondary treated effluent and sewage impacted water bodies at concentrations of up to several hundred nanograms per litre (ng/L). Their key physicochemical properties are shown in Table 1 .
The selected trace contaminants were of analytical grade and were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Trace organic analysis were then conducted using an Agilent 1200 high pressure liquid chromatography (HPLC) coupled with an Applied Biosystems API 4000 Q-Trap triple-quadrupole mass spectrometer. Observed retention is defined as R = 100×(1-C P /C F ), where C P and C F are the permeate and the feed concentrations, respectively.
[ Table 2) . The NF270 has a unique set of membrane properties. While the active skin layer of all other membranes is made of fully aromatic polyamide, NF270 membrane has a semiaromatic piperazine-based polyamide active skin layer. According to the manufacturer, the NF270 was designed for high organic and colour removal with very high NaCl salt passage. In contrast, the NF90 and the two RO membranes BW30 and ESPA2 can achieve near complete rejection of NaCl (Table 2) . It is interesting to note that while SEM analysis can provide clear surface images of the NF90, ESPA2 and BW30 membranes, no clear topographic feature of the NF270 can be observed at 30,000 magnifications ( Figure 1 ). This is also consistent with the fact that the NF270 has a very smooth surface (average surface roughness of less than 10 nm) as described below.
According to the manufacturer, the free chlorine tolerance for all four membranes is less than 0.1 mg L -1 .
[ Effects of chlorine exposure on the membrane surface morphology were examined by comparing properties of the virgin membranes and of membrane samples after being exposed to a hypochlorite solution. While no chlorine peak was detected from virgin membrane samples by scanning electron microscopy -energy dispersive spectroscopy (SEM -EDS) analysis, traces of chlorine were consistently observed with all membrane samples that have been exposed to hypochlorite (data not shown). It is noted that after hypochlorite treatment, the membranes were rinsed thoroughly to remove any hypochlorite residual on the membrane surface. Using X-ray photoelectron spectroscopy, have also reported chlorine uptake to the membrane polymeric matrix after being exposed to a hypochlorite solution.
Chlorination of the polyamide polymer can occur through the exchange of the hydrogen in the amine group (N-H) with chlorine to a non-amine group (N-Cl). This can happen because the amino group is vulnerable to electron withdrawing effects of the carbonyl group (Glater et al., 1994) . Chlorine can also directly attack the aromatic ring via electrophilic aromatic substitution.
Ring-chlorination can also occur when molecular chlorine is released from the previously chlorinated amine groups (N-Cl) due to intermolecular rearrangement forming various aromatic substitution products. The molecular chlorine is highly aggressive and can rapidly attack aromatic rings via electrophilic substitution. This reaction is called Orton-rearrangement and has been reported to be time dependent (Glater et al., 1994) . Ring-chlorination can be very detrimental to fully aromatic polyamide membranes. However, there is little evidence that ring-chlorination can actually occur at a low free chlorine concentration. It has been further reported that it is possible to reverse the N-chlorination by treating the membranes with an alkaline solution while ringchlorination stays irreversible (Glater et al., 1994) , which can be detected by (SEM -EDS).
Fourier transform infrared spectroscopy
The impact of chlorine exposure on polyamide membranes can be also seen by FTIR analysis (Figure 2) . A detailed identification of all peaks that can be found in the examined range of 600 to 1,750 cm -1 can be found in Table 3 . It is noteworthy that the penetration depth of FTIR depends on the wavelength and ranges from a few hundred nanometres to a few micrometers, whereas, the active-top layer of TFC membranes is usually significant thinner (Freger et al., 2002; Semião and Schäfer, 2013) . In fact, because the NF270 membrane has an ultra-thin skin layer (ca. 20 nm) (Freger et al., 2002; Semião and Schäfer, 2013) , no chlorination of the skin layer can be found on this membrane. By contrast, due to the thicker active membrane skin layer of the BW30, NF90
and ESPA2, the impact of membrane chlorination can be clearly seen at FTIR bands of 1,667 and 1,542 cm -1 , which represent C=H (Amide-II band) and N-H (Amide-III band) groups, respectively.
Excessive exposure of chlorine (i.e. 500 mg L -1 , 2,000 mg L -1 ) led in the weakening and destruction of the hydrogen bonds of C=O groups, causing a shift of the band at 1,667 cm -1 to a higher wavelength (Kang et al., 2007a) . In addition, the reduction of the amine groups (N-H) due to formation of chlorine amides (N-Cl) lowered the band at 1,542 cm -1 (Figure 2b-d) . Other studies reported also a decrease in the intensity of the band at 3,330-3,060 cm -1 , that corresponds to the Amide-I band (Antony et al., 2010) . Although the results of these study were comparable to the one available in literature (Antony et al., 2010; Kang et al., 2007a) , a small additional peak at 1,060 cm -1 was also found in this study on all membranes chlorinated with 500 and 2,000 mg L -1 (Figure 2 ). The reason is not fully understood and is subject for further investigations.
[TABLE 3]
[FIGURE 2]
Contact angle measurement
The hydrophobic behaviour of the membranes can be determined by the measurement of the contact angle between the membrane surface and air/water interface. Changes in contact angle due to exposure to hypochlorite are presented in Figure 3 . Buch et al. (Buch et al., 2008) reported that membrane chlorination increases the hydrophobic behaviour of polyamide membranes because of N-chlorination and thus, the ability for water to form hydrogen bonds with the membrane polymer was reduced due to the absence of a hydrogen-bonding proton. Consequently, N-chlorination would decrease the ability of the water to penetrate into the membrane, resulting in an increase in the hydrophobic properties (Buch et al., 2008) . However, in contrast to the results reported by Buch et al. (Buch et al., 2008) , have also reported a decrease in the membrane contact angle due to chlorine exposure. This phenomenon was explained with unbalanced dipole moments on the membrane surface ). In the current study, both an increase and decrease in the contact angle could be observed (Figure 3 ).
It is noteworthy that the degradation with 100 mg L -1 hypochlorite led to the largest increase in the hydrophobic property, while 2,000 mg L -1 hypochlorite appeared to show the tendency to decrease hydrophobicity. Results from Figure 3 suggest that the two mechanisms underlying the influence of chlorination on membrane hydrophobicity -N-chlorination in solutions with low chlorine concentrations and the presence of unbalanced dipole moments in solutions with high chlorine concentrations -can both occur.
[FIGURE 3]
Surface roughness
Conformational rearrangement of polyamide chains due to chlorination can result in changes in the membrane surface roughness. As shown in Figure 4 , considerable decrease in the membrane surface roughness measured by AFM analysis could be observed after hypochlorite treatment.
Previous studies examining the mechanisms of chlorine attack on polyamide membranes have suggested that N-chlorination and concomitant ring-chlorination reactions could disrupt the intermolecular hydrogen bonds leading to rearrangement of polymeric chains and transformation from crystalline regions to an amorphous state (Kwon et al., 2008; Soice et al., 2003) . Such a transformation could result in either a decrease or an increase in membrane surface roughness depending on the actual chemical composition and initial surface morphology of the membranes . While further study is required to explain the three different trends observed here, changes in membrane surface morphology are likely be influenced by various factors including thickness and actual chemical composition of the polyamide skin layers.
[ It is interesting to note a small but clearly discernible increase of salt rejection by all membranes that have been exposed to 100 mg L -1 hypochlorite, and finally a decrease for all membranes, which were treated with 2,000 mg L -1 of hypochlorite. In fact, when 2,000 mg L -1 of hypochlorite was used to degrade the membranes, salt rejection was consistently lower than that by the virgin membranes ( Figure 5 ). The increasing of the salt rejection due to slightly chlorinated membranes can be explained with the "tightening up effect" previously proposed by Kang et al. (Kang et al., 2007b) . In contrast, the decrease in salt rejection can be explained with rearranged polyamide chains, which leads to a more open structure in the membranes. It is also noteworthy that similar to the results reported by , a small decrease in the membrane permeability was observed when exposed to 100 mg L -1 of hypochlorite (data not shown). In general, the phenomena of increasing and decreasing in rejection due to chlorine influence were higher for the NF membranes compared to the RO membranes. This is possibly due to the more open structure of the NF membranes.
[FIGURE 5]
Effects of hypochlorite exposure on the rejection of trace organic contaminants
To examine the effects of hypochlorite exposure on the membrane separation capacity with regard to trace organic contaminants, rejection values of the two selected trace organic contaminants, namely sulfamethoxazole and carbamazepine, were evaluated under virgin membrane conditions and after treatment with various hypochlorite concentrations. At pH of the filtration experiments in this study (pH 8) sulfamethoxazole is a negatively charged compound while carbamazepine exists as a neutral species (Table 1) (Nghiem et al., 2005) . Because the membranes are also negatively charged at pH 8 (Table 2) , charge repulsion between the negatively charged sulfamethoxazole and the membrane surface leads to a high rejection of this compound by all membranes selected in this study ( Figure 6 ). Under virgin condition, sulfamethoxazole rejection by the loose NF270 was 92%. In good agreement with the above observation regarding the effects of chlorination on salt rejection, a small increase in sulfamethoxazole rejection was observed by all four membranes after they had been exposed to a low concentration (100 mg L -1 ) of hypochlorite. Once again, such a small increase in rejection of sulfamethoxazole by slightly chlorinated NF/RO membranes can be explained by the "tightening up effect" previously proposed in the literature (Kang et al., 2007b) .
It is also noteworthy that exposure to hypochlorite can lead to a significant increase in the membrane charge density (Simon et al., 2009) , which may ultimately result in an enhanced charge repulsion and subsequently an increase in rejection of negatively charged solutes.
[FIGURE 6]
The rejection of sulfamethoxazole by the NF270 and BW30 is consistently higher than that of carbamazepine, which is a neutral compound (Figure 7 ). It is evident that the impact of hypochlorite exposure was more significant for the neutral carbamazepine than that of sulfamethoxazole. Furthermore, the loose NF270 membrane appears to be more sensitive to chlorination than that of the reverse osmosis BW30. Once again, an increase in rejection possibly due to the "tightening up effect" can be observed when the membranes were exposed to a low concentration of hypochlorite. Similarly, the detrimental effect of chlorine degradation when the solution strength of hypochlorite was 2,000 mg L -1 was also obvious for the NF270 membrane. It is interesting to note that the BW30 also showed a small but clearly discernible decrease in the rejection of carbamazepine after exposure to 2,000 mg L -1 of hypochlorite. Such degradation effect was absent for the negatively charged sulfamethoxazole (Figure 7 ).
[FIGURE 7] 4 Conclusion
This research investigated the changes in membrane properties due to hypochlorite exposure, and the subsequent alteration in separation capacity of inorganic salt and two selected trace organic contaminants -namely sulfamethoxazole and carbamazepine. SEM-EDS analysis demonstrated the presence of chlorine within the membrane polymeric matrix after being exposed to hypochlorite. In addition, membrane chlorination lowered and shifted the bands at 1,667 and 1,542 cm -1 (Amide-II and III) likely due to the destruction of hydrogen bonds of C=O and N-H groups.
The membrane surface became smoother in general as a result of hypochlorite exposure. Such changes in the membrane roughness are likely due to the rearrangement of polyamide chains.
Exposing the membrane to a hypochlorite concentration of 100 mg L -1 resulted in an increase in the membrane hydrophobicity possibly due to N-chlorination, which reduced the number of hydrogen bonding sites. In contrast, high hypochlorite concentrations (2,000 mg L -1 ) at pH 7 rendered the membranes more hydrophilic. This was probably because of unbalanced dipole moments and/or the dissolution of the coating layer. These changes in the membrane properties led to clearly discernible changes in the rejection of inorganic salt as well as trace organic contaminants. A small increase in rejection was consistently observed with all four membranes selected in this study after being exposed to a low concentration of hypochlorite (100 mg L -1 ). In contrast, higher concentration of hypochlorite (2,000 mg L -1 ) could be detrimental to the membrane separation capacity. Membranes with severe chlorine impact showed a considerable decrease in rejection over filtration time possibly due to rearrangement of the polyamide chains under the influence of chlorine degradation and filtration pressure. Results also indicate that the loose nanofiltration membrane NF270 is more sensitive to chlorine exposure than the other tight NF and the two RO membranes selected in this study. Similarly, the impact of hypochlorite exposure (both positive and negative) on rejection is more significant for the neutral carbamazepine compound than the negatively charged sulfamethoxazole. Figure 2: FTIR spectra before and after being exposed to 100, 500, and 2,000 mg/L of sodium hypochlorite at a pH of 7 (denoted as D100, D500, and D2000, respectively).
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Figure 3:
Change in the membrane hydrophobicity after being exposed to 100, 500, and 2,000 mg/L of sodium hypochlorite (denoted as D100, D500, and D2000, respectively) at pH 7.
Figure 4: Change in the membrane average surface roughness after being exposed to 100, 500, and 2,000 mg/L of sodium hypochlorite (denoted as D100, D500, and D2000, respectively) at pH 7 .
Figure 5: Conductivity rejection before and after being exposed to 100, 500, and 2,000 mg/L of sodium hypochlorite at a pH of 7 (denoted as D100, D500, and D2000, respectively). exposed to 100, 500, and 2,000 mg/L of sodium hypochlorite at a pH of 7 (denoted as D100, D500, and D2000, respectively). Feed solution contained 1 mM CaCl 2 , 20 mM NaCl and 1 mM NaHCO 3 at pH 8 (cross flow velocity 30.4 cm/s; temperature = 20±0.1 ºC). Feed and permeate samples were collected after 25 hours of filtration. 
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